It has been reported that ophiopogonin D (OP-D), a steroidal glycoside and an active component extracted from Ophiopogon japonicas, promotes antioxidative protection of the cardiovascular system. However, it is unknown whether OP-D exerts protective effects against doxorubicin (DOX)-induced autophagic cardiomyocyte injury. Here, we demonstrate that DOX induced excessive autophagy through the generation of reactive oxygen species (ROS) in H9c2 cells and in mouse hearts, which was indicated by a significant increase in the number of autophagic vacuoles, LC3-II/LC3-I ratio, and upregulation of the expression of GFP-LC3. Pretreatment with OP-D partially attenuated the above phenomena, similar to the effects of treatment with 3-methyladenine. In addition, OP-D treatment significantly relieved the disruption of the mitochondrial membrane potential by antioxidative effects through downregulating the expression of both phosphorylated c-Jun N-terminal kinase and extracellular signal-regulated kinase. The ability of OP-D to reduce the generation of ROS due to mitochondrial damage and, consequently, to inhibit autophagic activity partially accounts for its protective effects in the hearts against DOX-induced toxicity.
Introduction
Doxorubicin (DOX), a potent anthracycline broad-spectrum antibiotic, is a widely used and successful anticancer drug for the treatment of hematologic malignancies and solid tumors (Minotti et al., 2004) . Unfortunately, its long-term use is largely limited by its cumulative and dose-dependent cardiotoxicity, which may lead to chronic cardiomyopathy and eventually to life-threatening heart failure (Silber and Barber, 1995; Scott et al., 2011) . Although intensive investigations into DOX-induced cardiotoxicity have been ongoing for decades, the precise mechanism underlying DOX-induced cardiotoxicity has not been completely clarified. Multiple possible mechanisms have been proposed, such as the formation of reactive oxygen species (ROS) in cardiomyocytes, direct DNA damage, loss of calcium homeostasis, apoptosis, and so on (Takemura and Fujiwara, 2007; Zhang et al., 2009) . Among these, the overinduction of ROS production in cardiomyocyte mitochondria contributes mainly to the cardiac dysfunction and injury observed after DOX application (Tokarska-Schlattner et al., 2006; St erba et al., 2013) . It is evident that there are several pathways for ROS generation upon DOX application. The redox cycling of DOX by NADH dehydrogenase generates a relatively small amount of ROS during drug metabolism, which in turn, or combined with DOX, directly leads to the induction of mitochondrial DNA lesions and, subsequently, respiratory chain failure as well as additional ROS liberation (Lebrecht and Walker, 2007; Wallace, 2007) . In addition, the binding of DOX to the reductase domain of endothelial nitric oxide synthase is capable of converting the drug to an unstable semiquinone intermediate that favors ROS generation (Vasquez-Vivar et al., 1997; Neilan et al., 2007) . There is no doubt that overproduced ROS initiated by DOX, as an upstream inducer, triggers the activation of different signaling pathways, resulting in cardiomyocyte death through apoptosis, necrosis, and other forms. Autophagy is a dynamic process under physiologic conditions and is substantially enhanced in pathologic conditions, including heart hypertrophy, heart failure, or various types of stress. It is accepted that autophagy acts as a double-edged sword under specific circumstances, either protecting cells against death by removing protein aggregates and damaged organelles or mediating cell death via intense enhancement of autophagy (Nishida et al., 2009) . Therefore, DOX is highly likely to lead to autophagic cardiomyocyte death because of ROS-induced mitochondrial impairment (Lu et al., 2009 ). In addition, taking mitochondria as the key subcellular organelle for DOX-associated cardiotoxicity into consideration, it could also be a crucial target during the use of cardioprotective agents together with DOX. At any rate, DOX remains one of the most effective drugs for the treatment of a wide variety of solid tumors and hematologic malignancies despite its dosedependent cardiotoxic effects. Because the mechanisms underlying DOX-induced cardiotoxicity are complicated and not completely understood thus far, continued efforts need to be made in the further investigation of the molecular cardiopathogenesis resulting from DOX administration as well as the search for alternative cardioprotective therapies.
Ophiopogon japonicus is a well known traditional Chinese herbal medicine that has been used to treat cardiovascular diseases for thousands of years. Extensive studies have revealed that O. japonicus has potential beneficial effects on the cardiovascular system through various mechanisms, including antiarrhythmia, antioxidation, inhibiting platelet aggregation, improving microcirculation, and so on (Chen et al., 1990 Ichikawa et al., 2003; Kou et al., 2006) . Ophiopogonin D (OP-D; Fig. 1 ), a steroidal glycoside and an active component extracted from O. japonicus, has been reported to be capable of protecting endothelial cells from H 2 O 2 -induced oxidative stress (Qian et al., 2010) . However, it is largely unknown whether OP-D is able to protect cardiomyocytes from DOX-induced toxicity via its antioxidative effects. The purpose of this study was to investigate the effects of OP-D on DOX-induced cardiotoxicity and the possible mechanisms involved with a special focus on autophagy. Here, we report that DOX induced excessive autophagy through generation of ROS in H9c2 cells and in mouse hearts. However, OP-D treatment partially inhibited DOX-induced autophagic damage in cultured myocytes in vitro and in mouse hearts in vivo. In addition, OP-D treatment relieved the disruption of mitochondrial membrane potential by antioxidant effects through downregulating the expression of both phosphorylated c-Jun N-terminal kinase (JNK) and extracellular signal-regulated kinase (ERK). The ability of OP-D to reduce the generation of ROS due to mitochondrial damage and, consequently, to inhibit autophagic activity partially account for its heart protective effects against DOX-induced toxicity.
Materials and Methods
Reagents. DOX and 3-methyladenine (3-MA) were purchased from Sigma-Aldrich (St. Louis, MO). DOX was dissolved in Dulbecco's modified Eagle's medium (DMEM) at a concentration of 100 mM and stored as aliquots at 220°C. 3-MA was used at a concentration of 2.5 mM. OP-D was purchased from Tsumura (Tokyo, Japan) and dissolved in dimethylsulfoxide at a concentration of 10 mM. The stock solution was further diluted with culture medium to the final desired concentration. N-Acetylcysteine (NAC) was obtained from Sigma-Aldrich. Rabbit polyclonal anti-LC3 and SQSTM1 (p62) were supplied by Abcam (Cambridge, MA). The antibodies for JNK, p-JNK, ERK1/2, and p-ERK1/2 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Monoclonal mouse anti-glyceraldehyde-3-phosphate dehydrogenase (GADPH) was purchased from Kang Chen Biotech (Shanghai, China). The mitochondrial membrane potential assay kit (JC-1) was purchased from Beyotime Biotechnology (Nantong, China).
Animals and Experimental Protocols. C57BL/6J mice were kept under standard laboratory conditions. The animal protocols used in this study were approved by the Animal Center of Nanjing Normal University and conform to the regulations for the administration of affairs concerning experimental animals issued by the Institutional Male 8-week-old mice, weighing 20∼25 g, were randomly assigned to four groups with 7 mice in each: 1) saline, 2) DOX (2 mg/kg), 3) OP-D (10 mg/kg), and 4) DOX plus OP-D. All of the mice in each group were subjected to an intraperitoneal injection every other day for a total of 7 days. In the 4th group, administration of OP-D was performed 1 day before DOX injection. At the end of the experiment period, the mice were killed by injection of a lethal dose of sodium phenobarbital, and their hearts were rapidly removed for protein extraction or transmission electron microscopy.
Cell Culture. H9c2 rat heart-derived embryonic myocytes were purchased from the Cell Bank of the Chinese Academy of Science (Beijing, China). Cells were grown in DMEM supplemented with 10% inactivated fetal bovine serum (FBS), 500 mg/ml penicillin, and 500 mg/ml streptomycin at 37°C in a humidified incubator with 5% CO 2 .
Cell Viability Assay. Cells were seeded into 96-well plates at a density of 3 Â 10 4 cell per well and were subjected to the modified MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay. Briefly, cells were allowed to adhere in 96-well plates overnight in 10% FBS containing medium before being subjected to the indicated drug treatment concentration. OP-D was added to H9c2 cells at the final concentration 12 hours before treatment with DOX. Then, the medium was replaced with fresh medium containing 1 mM DOX for the indicated time for each experiment. At appropriate time intervals, 50 ml of MTT solution was added to each well and incubated in 37°C for 4 hours. The medium was then carefully removed, and formazan crystals were dissolved by adding 150 ml of dimethylsulfoxide for each well. The optical density was measured at 570 nm in a microplate reader (Thermo Scientific, Waltham, MA).
Transfection. Cells were plated in 6-well plates (1.0 Â 10 6 ) and refreshed with serum-and antibiotic-free DMEM 12 hours before transfection. Transient transfection of GFP-LC3 plasmid (1 mg/well) was performed using Lipofectamine 2000 (Invitrogen, Grand Island, NY) according to the manufacturer's instructions. Transfected cells were cultured for 12 hours, and the medium was then replaced with fresh medium supplemented with 10% FBS. Another 36 hours later, the cells were treated with DOX in the absence or presence of 3-MA or OP-D for the indicated time.
Western Blot Assay. H9c2 cells were lysed in radioimmunoprecipitation assay buffer containing 50 mM Tris/HCl (pH 8.0), 150 mM NaCl, 1% Nonidet-P40, 1% sodium deoxycholate, 0.1% SDS, 0.1 mM dithiothreitol, 0.05 mM phenylmethylsulfonyl fluoride, and a protease inhibitor cocktail. An equal quantity of protein was subjected to SDS-PAGE on 8∼15% polyacrylamide gel and transferred to a polyvinylidene difluoride membrane. The membrane was blocked for 1 hour with blocking buffer containing 5% fat-free dry milk Tris-buffered saline/Tween 20 (0.1% Tween 20 in Tris-buffered saline), followed by incubation with the appropriate primary antibodies in blocking buffer overnight at 4°C. Then, the membrane was washed three times with Tris-buffered saline/Tween 20 for 30 minutes and incubated with horseradish peroxidase-conjugated secondary antibody (Bioworld Technology, St. Louis, MN) at room temperature for 1 hour. The immunoreactive signals were visualized with a FluorChem E System (Cell Biosciences, San Jose, CA).
Mitochondrial Membrane Potential Assay. The mitochondrial membrane potential was measured using a mitochondrial membrane potential assay kit (Beyotime Biotechnology, Jiangsu, China). Briefly, H9c2 cells were seeded in a 6-well plate and treated with the indicated concentration of OP-D for 12 hours. The medium was replaced with Determination of Intracellular ROS. For analysis of ROS, the DCF-DA probe was used. Briefly, cells treated as described above were incubated with 10 mM DCF-DA (29,79-dichlorodihydrofluorescein diacetate) at 37°C for 30 minutes. After incubation with the fluorochrome, cells were washed and resuspended in cold PBS. The fluorescence intensity of 2,7-dichlorofluorescin formed by the reaction of DCF-DA with intracellular ROS of more than 5000 viable cells was analyzed by flow cytometry using a Guava EasyCyte system (Guava Technologies).
Electron Microscopy. H9c2 cells were collected by centrifugation and three washes with PBS. Then, they were fixed with 4% glutaraldehyde. Next, the cells were post-fixed with 1% perosmic acid and dehydrated with acetone. Ultrathin sections were placed on 400 mesh grids and double stained with uranyl acetate and lead citrate. The sections were observed under transmission electron microscopy (TEM; JEM1230; Jeol, Tokyo, Japan).
Statistical Analysis. All of the data are presented as the mean 6 S.E.M. One-way analysis of variance with Tukey's post tests was used to determine the significance of differences between the control and test groups. Originpro 8.0 software was used for statistical analysis. A value of P , 0.05 was considered to indicate a statistically significant difference.
Results
DOX Induces Cytotoxicity in H9c2 Cells. To determine the cytotoxic effect of DOX on H9c2 cells, an MTT assay was performed. As shown in Fig. 2A , the viability of H9c2 cells was obviously decreased upon DOX exposure for 48 hours at concentrations of 0.2, 1, and 5 mm. In addition, when 1 mm DOX was applied, the number of dead cells was significantly increased with the time of drug exposure (Fig. 2B) , suggesting both concentration-and time-dependent cytotoxicity.
DOX Induces Autophagy in H9c2 Cells. H9c2 cells were subjected to treatment with DOX for different time periods, and then the expression of LC3-I and LC3-II was examined by immunoblotting. The results indicated that the ratio of LC3-II/LC3-I was increased with the time of DOX exposure and reached a peak at 12 to 24 hours (Fig. 3, A and  B) . The expression profile of p62 paralleled that of the ratio for LC3-II/LC3-I (Fig. 3C) . To further confirm the role of DOX in autophagy induction, autophagosome formation in H9c2 cells was evaluated using GFP-LC3 puncta. A diffuse staining pattern of GFP-LC3 was observed in control cardiomyocytes, whereas GFP-LC3 punctate structures were observed in the cells treated with DOX (Fig. 3D) . Accordingly, DOX-induced ultrastructural changes in H9c2 cells characterized as more vacuolar components containing mitochondria or other cellular organelles inside were observed by TEM examination (see the next section).
OP-D Attenuates DOX-Induced Autophagy In Vitro and In Vivo. To examine the effects of OP-D on the DOXinduced autophagy, both DOX-treated H9c2 cells and mouse heart tissues were collected for Western blots or morphologic analysis. As shown in Fig. 4A , DOX-induced increases in the ratio of LC3-II/LC3-I and p62 expression were significantly attenuated when the cells were pretreated with 1 mm OP-D or the autophagy inhibitor 3-MA (2.5 mM; Fig. 4 , B and C), suggesting that OP-D pretreatment helps cardiac cells stave off the autophagosomal formation induced by DOX. Consistently, the relieving effects of OP-D on DOX-induced induction of autophagy in H9c2 cells were further confirmed by either quantification of GFP-LC3 puncta (Fig. 4D ) or autophagic vacuoles (Fig. 4E ) using fluorescence or TEM examination. There were fewer autophagosomes in the cells pretreated with OP-D for 12 hours compared with those treated with DOX alone. Of note, the relieving effects of OP-D on DOX-induced autophagy were addressed in the hearts obtained from the mice that received DOX injections. Western blot analysis indicated that the increases in the ratio of LC3-II/LC3-I and p62 expression in response to DOX administration were significantly attenuated after pretreatment with OP-D (10 mg/kg before DOX administration; Fig. 4, F-H) . Consequently, obvious cardiac injury in mice subjected to DOX injection was documented in the TEM examination, with swollen mitochondria and the rupture of mitochondrial cristae in particular. In contrast, an improved myocardial morphology was observed in mice receiving OP-D before DOX injection (Fig. 4I) .
OP-D Protects against DOX-Induced Cardiac Dysfunction. To evaluate the protective effects of OP-D on cardiac function in mice, echocardiography was performed at the final dose of DOX and OP-D injections. The representative echocardiograms of the four groups are shown in Fig. 5A . The quantitative percentages of the diastolic internal dimension of the left ventricle (LVIDd), the systolic internal dimension of the left ventricle (LVIDs), ejection fraction of the left ventricle (EF%) and left ventricular fractional shortening (LVFS%), obtained for all of the four groups, are summarized in Fig. 5B . In control and OP-D alone group, the LVIDd, LVIDs, EF%, and LVFS% were unchanged. In contrast, slight increases in both LVIDd and LVIDs and obvious decreases in both EF and LVFS were detected in DOX-treated mice, which reflect significant cardiac contractile dysfunction. However, the reductions in EF and LVFS observed in DOX-treated mice were reversed in the OP-D plus DOX-treated group, indicating that OP-D protects against DOX-induced cardiac dysfunction.
OP-D Attenuates DOX-Induced ROS Accumulation in H9c2 Cells. To evaluate the protective effects of OP-D on DOX-induced mitochondrial damage, ROS accumulation, and the resultant autophagic cell death, we next measured the mitochondrial membrane potential and the ROS content using a flow cytometer. The results are shown in Fig. 6 . A significant disruption of mitochondrial membrane potential in H9c2 cells was observed upon exposure to DOX, as determined with the JC-1 fluorescent probes, whereas the disruption of mitochondrial membrane potential was significantly prevented either in the presence of 1 mm OP-D or in the presence of Protective Effects of OP-D against DOX-Induced Cardiotoxicity 2.5 mM 3-MA (Fig. 6A) . Moreover, the increased ROS production observed in DOX-treated H9c2 cells was completely blocked by pretreatment of OP-D or 3-MA as measured with a specific fluorescent dye, DCF-DA, strongly suggesting that the OP-D produced a cytoprotective effect against DOXinduced autophagic damage through its antioxidative action (Fig. 6B) .
OP-D Inhibits the Activation of JNK and ERK in H9c2 Cells in Response to DOX Administration. To clarify whether mitogen-activated protein kinase (MAPK) signaling pathways play any role in DOX-induced autophagy in H9c2 cells, we finally tracked the phosphorylation of JNK (p-JNK), ERK1/2 (p-ERK), and P38 (p-P38) by Western blotting control cells and the cells pretreated with 1 mm OP-D or 1 mM NAC for 12 hours, followed by treatment with 1 mm DOX for another 12 hours. Dramatically enhanced expression of p-JNK, p-ERK1/2, and p-P38 but not total JNK, ERK, and P38 were detected in DOX-treated group by Western blot analysis, implying a role for all MAPK family members in mediating DOX-induced induction of autophagy in cardiomyocytes. However, the DOX-induced activation of JNK and ERK was partially inhibited by pretreatment with either OP-D or NAC, with the exception of P38 (Fig. 7, A and C) . Collectively, these results strongly demonstrated that OP-D has protective effects against DOX-induced mitochondrial damage and the induction of autophagy in cardiomyocytes in addition to demonstrating that the inhibition of JNK and ERK1/2 but not P38 was, at least in part, involved in the protective mechanism.
Discussion
DOX and other anthracyclines continue to play an undisputed role in the treatment of many forms of cancer, but the issue of their cardiotoxicity has not been solved thus far (Cortes-Funes and Coronado, 2007) . In this regard, exploring proper prevention and treatment strategies is urgently required. Based on the fact that mitochondrial dysfunction, resultant free radical generation, and oxidative stress are the main triggers in DOX-induced cardiotoxicity, protective strategies have focused on administering drugs or natural compounds that improve the antioxidant defenses of cardiomyocytes against DOX-derived oxidative stress. We described here for the first time that OP-D is capable of protecting cardiomyocytes against DOX-induced autophagic injury through its antioxidative effect. The inhibition of the JNK and ERK pathways associated with OP-D application may account for this protective process.
A line of evidence indicates that the increase in ROS production stimulates autophagy in cardiomyocytes, serving as a quality-control mechanism to protect cells from oxidative injury by limiting further ROS production (Yuan et al., 2009 ). However, sustained induction of autophagy may lead to the opposite direction, causing cell death (Huang et al., 2011; Xu et al., 2012) . It has been found that altered autophagy contributes to various heart diseases, including cardiac hypertrophy, heart failure (Nakai et al., 2007; Matsui et al., 2008) , and DOX-induced cardiotoxicity (Kanamori et al., 2011; Li et al., 2014) . However, it remains unclear whether autophagy plays a beneficial or detrimental role in the heart. In the present study, DOX-induced autophagy was documented both in cultured H9c2 cells and in mouse hearts, as indicated by the significant accumulation of LC3-II and p62 as well as the formation of autophagic ultrastructure. Of note, DOX-induced autophagy was paralleled with a significant decrease in cell viability, dysfunction of mitochondria, and increase in the ROS production, whereas these effects were blocked by pretreatment with the autophagy inhibitor 3-MA, strongly suggesting an occurrence of excessive activation of autophagy, which leads to cell death in cardiomyocytes upon DOX administration. Our observation that activation of autophagy mediates DOXinduced cardiotoxicity is not new. Similar results were previously reported in a DOX-induced rat model (Lu et al., 2009) and neonatal rat ventricular cardiomyocytes (Kobayashi et al., 2010; Chen et al., 2011) . Thus, the present findings appear to provide additional evidence that links autophagic cell death to DOX-induced cardiotoxicity. It is noteworthy that the concentration of DOX used in our study was 1 mM, which is only onefifth of that reported by Wang et al. (2012) , suggesting that the lower concentration of DOX is capable of causing autophagic injury to cardiomyocytes. More important findings in the present study are the protective effects of OP-D against DOX-induced autophagic damage in either cultured H9c2 cells or mice receiving DOX injection. These effects, similar to 3-MA, were indicated by OP-D pretreatment-associated attenuation of autophagic cell death and a significant increase in cell viability.
It has been well documented that mitochondrial ROS is involved primarily in DOX-induced irreversible and cumulative cardiomyopathy (Davies and Doroshow, 1986) . Considering the role of ROS signaling in the induction of autophagy in response to DOX treatment, we examined the intracellular ROS content and the change of mitochondrial membrane potential and found an increased ROS level and disrupted mitochondrial membrane potential, which implicates drug-induced mitochondrial damage and oxidative stress in cardiomyocytes. Cells have developed various protective mechanisms against oxidative stress, in which autophagy plays a dynamic role (Nishida et al., 2009; Yuan et al., 2009) . Autophagy, which can be induced by ROS accumulation, has the capability to remove damaged proteins and organelles and thus maintains cellular homeostasis, whereas severe autophagy leads to cytotoxicity and autophagic cell death (Nishida et al., 2009; Huang et al., 2011) . In this context, there is no doubt that our observation of DOX-induced autophagic damage, both in vitro and in vivo, was triggered by ROS accumulation. It is a remarkable fact that OP-D pretreatment reduced the level of ROS and the extent of disruption of the mitochondrial membrane potential in DOX-treated cardiac cells in vitro and in vivo, which strongly suggests that OP-D may achieve its protective effects for cardiac cells by scavenging ROS and relieving oxidative stress, which is in line with its role in H 2 O 2 -induced endothelial injury as reported by Qian et al. (2010) . Therefore, it is necessary to further investigate the changes in the expression of antioxidant genes and activity of antioxidant enzymes, as well as the other pathways involved in OP-D protection.
Previous studies have demonstrated the role of MAPK signaling pathways in mediating DOX-induced cardiotoxicity via intracellular ROS production (Lou et al., 2005; Spallarossa et al., 2006) . In response to DOX application, however, the findings concerning changes among this set of MAPK family members conflict based on the reports of different groups. For example, Liu et al. (2008) reported observing increased p-ERK1/2 but unchanged p-JNK and p-P38 in DOX-treated H9c2 cells. In another report, P38 MAPK was demonstrated to contribute to DOX-induced inflammation and cytotoxicity in H9c2 cardiac cells (Guo et al., 2013) . These findings might be attributed to the regulation of MAPK being dependent on the time of DOX treatment and the different experimental conditions used. In this study, our results indicate that the level of p-JNK, p-ERK, and p-P38 obviously increased in a time-dependent manner with DOX treatment, implicating all of these kinases in DOX-induced cardiotoxicity, whereas DOX-induced activation of JNK and ERK1/2, but not P38, was obviously inhibited by OP-D pretreatment, which implies that both JNK and ERK are the major MAPKs involved in the antioxidant effects of OP-D. Furthermore, we should state the fact that OP-D pretreatment is incapable of completely reversing the DOX-induced impairment of cardiac viability. The possible explanations are that the mechanisms underlying DOX-induced cytotoxicity are complicated and involved in multiple signaling pathways.
Taken together, our results prove, for the first time, the protective effects of OP-D against DOX-induced autophagic cardiomyocyte injury in vitro and in vivo. Scavenging ROS and relieving oxidative stress by inhibiting DOX-induced activation of JNK and ERK1/2 contribute to this process, at least in part (Fig. 8) . Therefore, OP-D appears to be an effective protective agent for patients who undergo DOX administration as an effective antineoplastic chemotherapy. 
